This study describes the conceptual design and the first prototype implementation of the Multi-Sense CardioPatch, a wearable multi-sensor patch for remote heart monitoring aimed at providing a more detailed and comprehensive heart status diagnostics. The system integrates multiple sensors in a single patch for detection of both electrical (electrocardiogram, ECG) and mechanical (heart sounds, HS) cardiac activity, in addition to physical activity (PA). The prototypal system also comprises a microcontroller board with a radio communication unit and it is powered by a Li-Ion rechargeable battery. Results from preliminary evaluations on healthy subjects have shown that the prototype can successfully measure electromechanical cardiac activity, providing useful cardiac indexes. The system has potential to improve remote monitoring of cardiac function in chronically diseased patients undergoing home-based cardiac rehabilitation programs. ASAIO Journal 2017; 63:73-79.
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In the last years, a lot of work has been done about wearable devices for remote monitoring of cardiopulmonary activity and many systems are now commercially available. [7] [8] [9] All these systems have been mainly designed for continuous monitoring of arrhythmias, including atrial fibrillation, as well as patient falls that may be associated with arrhythmias; therefore, they rely on electrocardiogram (ECG) sensors to monitor the electrical cardiac activity and on a tri-axial accelerometer to record activity level and body position.
Heart sound (HS) is an acoustic signal that results from vibrations created by closure of heart valves, mainly the first heart sound (S1) when the atrioventricular valves close at the beginning of systole, and the second heart sound (S2) when the aortic valve and pulmonary valve close at the end of systole. HS signal is a well-known expression of cardiac mechanics, since the amplitude of S1 reflects cardiac contractility, [10] [11] [12] while diastolic pressure affects the amplitude of S2. 13 HS signal is traditionally recorded using stethoscopes and phonocardiographs, even if in recent years also accelerometers applied on the chest have been used. [14] [15] [16] We report the conceptual design and the assembly of a first proof-of-concept prototype of a wearable multi-sensor patch (Multi-Sense CardioPatch) that provides the remote monitoring of electro-mechanical cardiac activity. Compared with the patch systems already available on the market for cardiac monitoring, the Multi-Sense CardioPatch includes a sensor for recording transthoracic cardiac vibrations related to HS (HS sensor), together with more standard sensors for electrical cardiac activity (ECG sensor) and physical activity level (PA sensor). The idea is to provide a wearable system for a more detailed and comprehensive heart status diagnostics in patients undergoing home-based cardiac rehabilitation programs, thanks to the simultaneous detection of both electrical and vibromechanical cardiac activity.
Methods

Overview of the System
The Multi-Sense CardioPatch is a prototypal patch to be applied on the chest, which comprises sensors and electronics encapsulated in a flexible biocompatible silicon housing to protect them from sweat and moisture. It is composed of two parts: the main body and the small appendage ( Figure 1A) . The main body is a silicon case (108 mm × 55 mm × 14 mm), which includes a standard module for ECG recording, a tri-axial MEMS accelerometer for PA recording, a radio communication unit (Bluetooth module), and all the electronics (microcontroller, conditioning circuits, battery). Two side wings protruding from the main body include two metal snaps for standard disposable ECG electrodes ( Figure 1B) .
The appendage is a small silicon case (23 mm ×10 mm × 8 mm) comprising a miniature piezoelectric accelerometer for HS sensing (HS sensor) and a third metal snap for the reference ECG electrode ( Figure 1A) . The appendage allows to adjust the position of the piezoelectric accelerometer on the chest to detect the highest HS signal. The flexible silicon material used for both the main body and the small appendage allows a good adaptation of the patch to the chest's shape. Adhesion to the thorax is ensured by three standard adhesive button electrodes used for ECG recording.
Data from HS, ECG, and PA sensors are preliminarily processed (sampling and preliminary signal conditioning) by the microcontroller, then sent via Bluetooth connection to a notebook for real-time display and further signal processing.
Hardware
Sensors. The ECG sensor is a custom design composed of 1-lead recording provided by the two disposable ECG electrodes included in the side wings of the main body of the patch and the third reference electrode in the appendage, coupled to a signal conditioning module (gain 200, bandwidth 0.1-100 Hz).
The HS sensor is a piezoelectric cantilever accelerometer (285-784 M641, Sensor Technology, Collingwood, on, Canada), with sensitivity of 80 mV/g, which detects the transthoracic propagation of cardiac vibrations due to HS ( Figure 1C) . The sensor, coupled to a transistor and a signal amplifier module (gain 200, bandwidth 5-155 Hz), is included in the appendage.
The PA sensor is a tri-axial MEMS accelerometer (ADXl335, Analog Devices, norwood, MA) with a detection range of ± 3 g, sensitivity of 500 mV/g, bandwidth 0-45 Hz.
Electronics and wireless communication. A microcontroller board (Arduino Pro Mini 328-5V/16MHz, Sparkfun, niwot, Co) is used to sample the data collected by ECG, HS, and PA sensors and to send them to a notebook via a Bluetooth module (Rn42, Roving networks, los Gatos, CA) with baud rate 115200. The prototypal patch is powered by a li-Ion rechargeable battery with 1,000 mAh capacity.
Software and Data Processing
Graphical user interface. A dedicated program and graphical user interface (GuI) were developed in labVIEW (national Instruments, Austin, TX) to acquire, process, and display the data provided by the sensors included in the patch. Data saving can be controlled by soft keys on the GuI.
Electrocardiogram processing. A band-pass filter (10-30 Hz) is applied to the acquired ECG signal to isolate the predominant QRS components and to attenuate the low frequencies of P and T waves, as well as to remove the baseline drift and the power line interference. The filtered signal is differentiated and squared to emphasize the QRS high-frequency components and then integrated (by low-pass filtering, cutoff frequency of 3 Hz) to obtain the processed ECG waveform reported in Figure 2 ( upper panel, grey bold line). A peak detector algorithm, based on a dynamic threshold, finds R-peaks in the processed ECG waveform and the corresponding times (T QRS ), thus providing R-R intervals and heart rate (HR).
To detect T wave, a band-pass filter (0.5-30 Hz) is applied to the acquired ECG signal. Then, T-peak is searched within a window that starts at T QRS and ends after a period equal to QT interval estimated by using the Bazett's formula, Equation 1.
For P wave detection, the software estimates a dynamic temporal window (P wave window) that starts at t = (T QRS − 20% of cardiac cycle duration) and ends at t = T QRS .
Heart sound processing. HS processing is strictly related to ECG processing (Figure 2) . The acquired HS signal is preliminary differentiated, squared, and low-pass filtered (cutoff frequency 10 Hz). Two searching windows for S1 and S2 analysis are selected on the basis of the identified QRS complex, T wave, and P wave window: S1 is searched within a temporal window (W1) from the start of P wave window to the time of T-peak (T T ), while S2 is searched within a temporal window (W2) from T T to the following start of P wave window (Figure 2) . Amplitudes (A S1 , A S2 ) and durations (D S1 , D S2 ) of the two most relevant HS components (S1, S2) are calculated: 1) a peak detector algorithm is applied to the processed HS signal (grey bold line in bottom panel of Figure 2 ) to find peaks within W1 and W2; 2) D S1 (D S2 ) is calculated as the time interval between the instants when the processed HS signal falls below 50% of its peak, by moving back and forth with respect to the time of the peak (T S1 (T S2 )); 3) the peak-to-peak amplitude of the acquired HS signal within D S1 (D S2 ) interval is associated to A S1 (A S2 ).
Physical activity processing. In this first prototype, acceleration data retrieved from the PA sensor are mainly used to provide an on/oFF algorithm to reject from the automatic analysis those ECG and HS recordings affected by motion artifacts ("motion-rejection algorithm"): the acceleration modulus is calculated from the X, Y, Z-axis components of the tri-axial MEMS accelerometer and it is continuously compared with a predefined threshold value that discriminates between motion and rest conditions. The threshold can be set to fine or coarse increment to interpret various g-values of the acceleration modulus: these g-values are categorized as motion conditions according to a preliminary calibration procedure where several basic static and dynamic body motions (e.g., stretches, walking, running, falls) are carried out by a subject wearing the Multi-Sense CardioPatch.
Cardiac indexes. The implemented data analysis provides indexes of both electrical (HR, QT interval) and mechanical (A S1 , A S2 , D S1 , D S2 ) cardiac activity. Additionally, by combining simultaneous recordings of ECG and HS signals, cardiac time intervals related to the electro-mechanical cardiac activity can be derived. An interesting index that the implemented data analysis calculates is QS1, 18, 19 i.e., the time interval from the onset of QRS complex to the beginning of S1, as reported in Equation 2.
QS1 is the major component of the pre-ejection period (PEP), which is a commonly used index of myocardial contractility and sympathetic control of the heart. 18, 19 It has been widely demonstrated that in heart failure patients, because of systolic dysfunction, there is a relevant prolongation of QS1 interval, as well as a reduction of left ventricular ejection.
18,19
In Vivo Evaluation
We evaluated the Multi-Sense CardioPatch on 19 healthy volunteers. Preliminary tests were performed to evaluate the optimal HS sensor position on the chest ("Positioning tests") and to compare, in three different body types, the HS sensor recordings with a phonocardiography (PCG) signal ("Comparative tests"). Finally, the 19 volunteers underwent a step-climbing exercise and their electro-mechanical cardiac activity was monitored with the Multi-Sense CardioPatch at the maximum workload condition and during recovery after exercise ("Exercise tests").
All tests were performed with informed consent from the volunteers and following the principles outlined in the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Positioning tests. For each subject, we explored 15 different positions of the HS sensor on the chest (Figure 3) . For each position, the peak-to-peak amplitude of the first heart sound component (A S1 ) was considered and for each subject, a representative mean value of A S1 (average of 20 heartbeats) was calculated. Representative mean values from the 19 subjects were averaged and a topographic mapping of the thorax for S1 detection was obtained by interpolating the representative A S1 values within a rectangular region included in an averaged thorax size (Figure 3) . , and the corresponding processed waveforms (grey bold lines). A S1 : estimated S1 amplitude; A S2 : estimated S2 amplitude; D S1 : estimated S1 duration; D S2 : estimated S2 duration; HR: heart rate; QS1: interval from onset of QRS to S1; QT: time interval between T QRS and T T ; T QRS : time of R-peak; T T : time of T-peak; T S1 : time of S1-peak; T S2 : time of S2-peak; W1: searching window for S1; W2: searching window for S2. Comparative tests. We considered three subjects representative of different body types in the group of volunteers: 1) normal weight (body mass index, BMI = 19.4); 2) over-weight (BMI = 27.4); 3) obese (BMI = 47.9). The PCG signal was acquired using a self-developed electronic stethoscope composed of a standard stethoscope head connected to an electrect condenser microphone (lavalier RS Pro) with frequency response window from 30 Hz to 18 kHz. The microphone was coupled to the stethoscope head using a piece of PVC tubing, as shown in Figure 4A , and the output of the microphone was connected to the PC through an audio input jack. The HS sensor and the self-developed electronic stethoscope were positioned in the same most sensitive sternal region on the chest, and simultaneous recordings of cardiac vibrations from the two systems were provided for each body type, at rest conditions. Exercise tests. Each subject in the group of 19 volunteers was engaged in a step-climbing exercise following a designed exercise protocol with a peak workload of 2,000 J. The endpoint of the exercise test was the achievement of the designed exercise workload. Immediately after exercise, recordings using the Multi-Sense CardioPatch were continuously performed with the subject laying in supine position, for 8 minutes of recovery after exercise. Real-time signal recordings and cardiac indexes derived from data processing were displayed on the GuI and saved. Electrical (ECG) and mechanical (HS) cardiac signals corresponding to any possible body motion as detected by the PA sensor ("motion-rejection algorithm") were automatically excluded from the analysis.
Statistics. The cardiac indexes, collected for both the maximum workload condition and the final recovery condition, were expressed as mean ± SD, obtained by averaging 10 cardiac cycles for each condition.
Relations between the cardiac indexes were assessed using linear regression analysis and Pearson's correlation coefficient. A probability value of p < 0.05 was considered significant. 
Results
From positioning tests, the most sensitive region for S1 detection using the HS sensor was the most inferior part of the sternum, i.e., the xiphoid process (position 10 in Figure 3) .
Comparative tests showed that the HS sensor is effective to acquire heart sound vibrations: in accordance with previous literature on seismocardiography (SCG), [14] [15] [16] we found a correspondence between the waves composing the HS sensor signal, with distinctive systolic (S1) and diastolic (S2) components, and those composing the acoustic signal (PCG signal) detected with the self-developed electronic stethoscope ( Figure 4) . In overweight and obese types, both the PCG and HS signals seem to be attenuated, probably because of the fat layer (Figure 4) .
Exercise tests performed for all subjects confirmed the capability of the Multi-Sense CardioPatch of measuring stable, reproducible, and consistent signals for ECG and transthoracic cardiac vibrations related to HS.
For all subjects, the cardiac indexes provided by the patch and their relationship were consistent with normal electromechanical behavior in nondiseased hearts: in response to exercise, cardiac contractility (A S1 ) increases with increases in HR and it recovers from maximal workload condition to final recovery (8 minutes after the end of exercise), following a decreasing trend similar to that observed for HR (Figure 5) . In the group of subjects as a whole, mean A S1 decreased from 0.17 ± 0.06 to 0.05 ± 0.03 g, and mean HR decreased from 112 ± 23 to 64 ± 11 beats/min, when passing from maximum workload condition to final recovery condition. A significant positive correlation between A S1 and HR was found (r = 0.79, p < 0.05) when considering data collected for each patient at maximal workload condition and at final recovery. A mild inverse correlation (r = −0.45, p < 0.05) was found between D S1 and HR.
Mean QS1 obtained for the whole group of volunteers at final recovery (48 ± 10 ms) was within the physiologic range for healthy subjects at rest condition, 19 and, in accordance with the literature, 18 we found that QS1 is inversely related to HR (r = −0.72, p < 0.05).
Automatic identification/processing of S2 (A S2 , D S2 ) was not always reliable, because of the low level of S2.
Discussion
The Multi-Sense CardioPatch presented in this study expands the physiologic sensing capabilities of wearable systems for heart monitoring, by providing the combination of HS, ECG, and PA recordings. The simultaneous recordings of electrical (ECG sensor) and mechanical cardiac activity (HS sensor) might be beneficial for a more comprehensive evaluation of cardiac function recovery in patients undergoing cardiac rehabilitation programs.
It has been previously shown that the peak of the myocardial vibrations occurring in the isovolumic contraction phase (the absolute peak value of first heart sound), detected endocardially using an implantable accelerometer, is an index of myocardial contractility and that its directional changes mirror changes in left ventricular peak dP/dt very closely. 20, 21 our HS sensor is positioned on the chest, therefore it detects the transthoracic cardiac vibrations that propagate as mechanical shear waves, and the intervening viscoelastic thoracic tissue attenuates the higher frequencies and probably introduces a variable propagation delay. This makes reason of a vibrational signal less powerful than the myocardial vibrations recorded endocardially, but it can be still considered a good signal for assessing changes in myocardial contractility.
14 our results for A S1 are consistent with peak values of transthoracic cardiac vibrations previously recorded in healthy subjects by the cutaneous precordial application of an accelerometer sensor. 14 Comparative tests showed that HS signal is reflective as much as PCG signal of heart sound vibrations. Indeed, compared with PCG signal, the seismocardiographic signal has the advantage of not being contaminated by acoustic noises occurring in the environment.
The key advantage of our patch is the capability of assessing simultaneously both the electrical and mechanical cardiac activity, thus providing useful indexes of electro-mechanical cardiac performance (e.g., QS1 interval) that can be impaired in failing hearts.
In this preliminary study, we performed only measurements on healthy subjects, who have a normal response to exercise, characterized by a positive correlation between contractility (mechanical function) and HR (electrical function). In failing hearts, it is expected that this force-frequency relationship reverses from positive to negative: as a result, increases in HR reduce contractility, impair exercise tolerance, and precipitate dyspnea and cardiac congestion. 22 In heart failure patients, the assessment of both HR and cardiac contractility (A S1 ), as provided by our patch, may be extremely useful to detect any progressive reversion of this force-frequency relationship, or any possible improvement of it after a cardiac rehabilitation program.
In this study, we presented a first generation prototype of the Multi-Sense CardioPatch, therefore it still lacks of true wearability. Future efforts will be directed to reduce the size and the thickness of the patch to provide a most comfortable and wearable solution.
Power consumption of the prototype is still high because we employed general purpose electronics (e.g., Arduino Pro Mini and standard Bluetooth radio module) that require from 60 to 100 mA. This, with a battery of 1,000 mAh, provides at most 10-15 hours of operation. new generation of microelectronic systems for wearable medical electronics, such as the recently standardized Bluetooth low energy (BlE) technology and the ultra-low-power ECG System on Chip (ECG SoC) 23, 24 could be employed in a new version of the Multi-Sense CardioPatch to lower power consumption and increase the system lifetime.
Another critical issue with the current first-generation prototype of Multi-Sense CardioPatch is related to artifacts on the HS signal because of body accelerations (e.g., vibrations due to cough, speech, and motion) retrieved by the HS sensor attached on the chest. Motion artifacts represent the major obstacle for the evolution of systems based on SCG toward daily-life monitoring. Some recent studies [25] [26] [27] have been specifically addressed to the challenging aim of removing motion artifacts from SCG recordings, and they have achieved promising results. Pandia et al. 25 implemented a polynomial smoothing filter to cancel motion artifacts in walking subjects and their preliminary results showed a primary heart signal detection rate of 99.36% with a false positive rate of 1.3%. Di Rienzo et al. 26 developed an algorithm that selects movement-free data segments from 24 hour recordings of SCG from ambulant subjects. Yang et al. 27 recently proposed a novel method of extracting seismocardiographic data from moving adult subjects, using a digital signal processing system based on the normalized least mean square adaptive filter, achieving a detection rate of SCG recordings of 96% in moving subjects.
In our early stage prototype, we used the PA sensor to exclude from data processing those HS acquisitions affected by motion artifacts. This obviously limits the HS processing to a "controlled" condition (e.g., patient at rest, no speaking). Taking as reference the above-mentioned recent works on motion artifacts cancellation for SCG applications, [25] [26] [27] signal processing algorithms will be studied to provide discrimination and automatic removal of artifacts accelerations from HS signals. Further improvements of the Multi-Sense CardioPatch prototype will include the following: optimization of the processing algorithms to provide a more reliable identification of the second heart sound component (S2); optimization of the PA sensor processing to expand its use beyond the motion-rejection algorithm by improving the motion pattern recognition analysis; implementation of patient's data transmission to a mobile phone or to an access point to relay the information to a remote center via Internet.
Conclusion
We have presented the conceptual design and the first prototype implementation of the Multi-Sense CardioPatch, a wearable patch designed to remotely monitor the electromechanical cardiac activity. A preliminary evaluation of the Multi-Sense CardioPatch has been performed in 19 healthy subjects, with promising results. Further optimization of the system is required, and then a larger scale evaluation on heart disease patients can be undertaken.
